“A-UR -82-2460 Cb?/_ S 3/ - =L

Los Aismos Naliona' Laboratory 15 opersted by the Univers:ty of Ca'ormis tor the U-ited Sia'es Depanment of Energy under conlrac' W-7405-ENG.3€

LA=-UR==62-24G0Q

DEG2 021825

TiTLe THE SOFT-X-RAY EXPERIMENT REVISITED: A THEORETICAL ANALYSIS

AUTHOR'S) DaV'i Brenner

Marco Zaider

MASTER

suewTTED To  Eighth Symposium on Microdosimetry
Jiilich, September 1982

e NBGTAIME o -

By accoplance o! this s*licis the pubhisher recognizes that the U S Government re1ains a noneaciusive royally-free hicense 10 pubhish of reproduce
the pubiishec lorm ©f 1Mis conthibution. Ot 10 allow DINe's 10 0O ¢0. f0r US Gove nment purposes
The Los Alamos Nationa' LADOIAIOTY Tequesis TRBY the pubusher 1087ty this article 88 wo’a performed unde’ the auspices o' the U S Depa~ment o Thege

’ \ Q\_ )
DISIRIRITION o g ,'l{]i"‘”M”;] I° iy
(@ LosAlamos National Laboratory
L@S AU@ m]©® Los Alamos, New Mexico 87545

POAM NO 034 Ay
87 WO mMM 0


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


THE SOFT X-RAY EXPERIMENT REVISITED - A THEORETICAL ANALYSIS

* +
D.J. Brenner and M. Zaider

*
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

/’+Co1lege of Physicians & Surgeons of Columbia University
Radiological Research Laboratory
New York, New York 10032

Abstract

The generalized formulation of the theory of Dual Radiation Action (TDRA)
deals quantitatively with the process of sublesion-lesion production in sensi-
tive sites irradiated with uniform tields of ionizing radiation. In this paper
modifications of this formalism necessary to treat the case of aticnuated
fields of radiations are described. As an application recent survival data
obtained with soft x-ray experiments are analyzed. It is shown that a) given
a_linear-quadratic dose-effect relation with constant B (the coefficient of
D2 in this relation), b) the function y(x) (i.e., probability for two energy
transfers separated by x to produce a lesion) can be obtained with the aid of
Monte-Carlo generated proximity functions, and c¢) this y{(x) may be successfully
utilized to account for survival results obtained, with the same cell line,
using a particles.

A. Introduction

It is currently accepted that the initial spatial distribution of primary
radiation products ir irradiateu biologicel material is fundamental to the
observed effect. Recently, experimental and thcoretical evidence have indicated
that physical quantities averaged over cellular (i.e., micrometer) dimensions
may not be sufficient, and finer dotails of the enerqgy deposition processes may
be required. In this respect, some data which have the potential to yield
useful information are the results (1,2) of cell survival and chromosome aber-
ration measurements after irradiation by soft x-vays whose sccondary electrons
have ranges significantly smaller than cell dimensions.

The generalized formulation of the Theory of Dual Radiation Action (TDRA) (3)
treats the formation ot lesions in sensitive sites exposed to uniform fields
of radiation. Because of the strong attenuation suffered by very soft x-rays
in traversing a coll a modification of the original treatment is necessary.,

The basic theory and its modifications for attenuated fields are tirst



described. The cell survival results of the soft and hard x-ray expcriments (1)
are then analyzed in terms of this modified formalism which is then used to
account for the effects of high-LET a-particles measured in the same scries

of experiments (4).

B. Theoretical treatment
The TDRA (3) assumes that:
a) ionizing radiation produces units of elementary injury, termed

sublesions, in the sensitive part of the cell at a rate proportional to the
energy transferred (deposited) locally, and

b) sublesions interact pairwise in a distance-related manner with
probability g(x) to produce lesions, i.e., injury divectly responsible for
the observed end-point.

Thus the average number of lesions in a volume, V, of uniform scnsitivity
for producing sublesions is:

€ = 7 g(x) T (x) dx (1)

where 1 (x) dx is the average number of pairs of sublesions per cell whose
distance apart is between x 2:d x + dx. 7t (x) is comparatively simple to
evaluate and for a given dose, D and density p is given by (3)

’

1{x) dx =1 cz pVD [t(x) + 4nx2pD]dx. (2)

where ¢ is a constant relating the energy deposited locally to the number
of sublesions produced (see "assumption a", ahoVe) and t(x)dx, termed the
prowimity focetion 0F energy transfers, is the expected energy in a spherical
“hell of radius x and thickness dx centered at a rvandomly selected cnerqy
transfer point (here the randem selection of transfer points is weighted by
the energy deposited at these points).  The two terms in [q(2) correspond to
the interaction of (cpVD) sublesions produced throughout the senwvitive
volume with olther sublesions coming ftrom the sanme tvack (intratvack lesions
first term) or from diffevent, uncorrelated tracks  (intertrack lewions
second term),

It is also necessary Lo account for the fact that, on average, only o



fraction (< 1) of the spherical shell considered above will contribute to
sublesion formation, i.e., to consider the random geometric overlap between
the track and the imatrix. For a uniform field, this fraction is denoted
s(x)/4nx2 yielaing a final expression for € of the familiar linear-quadratic

type:

T =4 CZ pVD [ [ g(x) éif% t(x)dx + pb I g(x)s(x)dx] (3)
6 4mx o

The situation for an attenuated radiation field is rather more complex.
Consider a sensitive matrix of arbitrary shape exposed to an exponcntially
attenuated x-ray field in the z direction (Fig. 1). The expected number of
sublesions in a slice of area A(z) and width dz centered at z i<

cpA(z)dz D, exp(-uz) (4)

where Do it the dose at z = 0 and u is the relevant absorption cocfficient
for the radiation.

The number of intra-track sublesions in a spherical shell of radius x
centered in the slice is

w
~—

¢ t(x) dx s(x]z)/4nx2 (

where s(x|z)/4nx2 is the expected fraction of the volume of the sphervical
shell overlapping the sensitive matrix at a given z.
The average number of intra-track lesions per cell is then given by:

oy

E] =, CZ(»DO fdx t(x) g(x) f dz '5(%_[5) Alz)e™ (©)

n

5 dnx

For a spherical sensitive matrix s(x|z) and fl can be cvaluated in ¢lowed

form (5). Practically, those x-rays which suffer significant attenuation

across wne cell also have sccondary electrons whose ranges are censiderably

smaller than a reasonable estimate of the size of the sensitive matrin,  Thus
"

for values of x within the range of the proximity functions s(x]r)/dvxl i



and Eq(6) yields

[+=]

-El : ¢ pVD J t(x) g(x) dx . (7)

o]

where D is the average dose over the sensitive matrix. s(x|z) was calculated
using Monte-Carlo techn ques, utilizing the fact (3) that this function is
proportional to the distribution of distances between random points in the
sensitive matrix. For all the geometries considered the approximation used
in obtaining Eq(7) was found to be'justified.+

To examine inter-track lesions consider again Fig. 1. The number of
sublesions in a small volume dv at the center of the shell is

coD exp(-uz) dv (8)

and the number of sublesions in a small volume dv1 in the shell is

chOexp(—uzl) dvy (9)

Multiplying expressions (8) and (9) together with g(x) and integrating over
all the allowed values of x, z and Zy the expected yield of inter-track
lesions per cell is obtained. An analytical calculation of this quantity
for & spherical sensitive matrix can be found in Ref. 5.

The final expression, however, can be obtained using the following
observations. Consider a matrix with a oifform distribution of sensitive
sites irradiated with an attenuated radiation field. With respect to any
sublesion, all the sublesiors produced by independent events (i.e., those
sublesions responsible for inter-track Jesions) are distributed in an attenuated
fashion across the matrix. Formally, this is equivalent to the situation
where a matrix with an attennated distribution of sensitive sites is cxposed
to a «mi o field of radiation. The rvesult, [q(3), for the yield of inter-
track lesions can therefore be directly applied:

rFr)r hard x rays this approximation is not covrect.  However in this case Fq(3),

can be applied with no modification,



€, = k% ¢V (u) o2 Do2 f g(x) s(x;u) dx (16}
0
where
V() - IA(z)dz e™H2

and s(x;p) is the function corresponding to s(x) of Eq(3), for the case of
an attenuated matrix [s(x;0) = s{x)]. The notation in Eq(10) shows explicitly
the u dependence, where applicable. s(x;u) may be calculated, using Monte
Carlo techniques, for any geometric configuration describable on a computer.
Thus an exponentially decreasing sample of points is generated in the volune
and then the distributicn of distances between all points in the sample is
calculated. Fig. 2 shows calculated values of s(x;u) for two geometries and
different values of .

From Eqs(7) and (10) the average yield of lesions may be expressed in

the form
(D) = o + 8. x(p) B (11)
where
a = % C2 oV ,‘{ t(x) §-ﬁl§—ol g(x) dx (12)
4nx
B o= 4l el v J g(x) s{x;0) dx (13)
) v sxsu 2 .
wo(u) = f v(x) 3o 4nx” podx, (14)
v s(x:0
v (x) = sle0lalx) o (15)
4ixlp f s'x;0) g(x) dx
Mso, frem £qs(12-15):
v 0) = ) (16)

and



E = o/ = I t{x) y(x)dx (17)

For short-ranged particles the approximation s(x;o)/4nx2 = 1 was used in
Eq(12).

For @ given cell lire, B in Eq(11) is a constant independent of the
radiation quality. However the coefficient of 52 does depend on y.

C. Application to experimental results

The analysis of the V79 cell survival data (1) after irradiation with
soft and hard x-rays was performed under the assumption (6) that each increment
in the number of lesions eliminates a proportionate fraction of cells able
to form colonies, i.e.

S(D) = exp[ - €(D)] (18)

The immediate object of the analysis is to evaluate the function y(x)
of Eq{14). In principle, using Eqs(18) and (11) the data may be fitted to
obtair the parameters a and 8. Then using the values of { corresponding to
different radiations and known proximity functions, Eq(17) may be unfolded to
yield y(x). Here, however, k (1) itself depends on the unknown y(x). An
iterative procedure was thus followed. In the first step, in Eq(15) s(x;u)/s(x;0)
was replaced by 60 = 5(0;1)/s(0;0). Then k(u) becomes:

Using this value “he experimental data were fitted, using a maximum likelihood
criterion, to yield an initial estimate of o and R. An estimate of y(x)

was then obtained yielding [Eq(14)] an improved value of x(p). The procedure
was repcated until convergence was obtained, which in the present case occured
after one iteration.

The proximity functions, t{x) were calculated using a detailed Monte
Ccarlo electron transport code (7) in which the energies and positions of all
non-elastic events were recorded and analyzed according to the definition of
t(x) given above. The results are shewn in ¥ig. 3 for tne three soft x-rays
(carbon, electron energy 270 eV atuminum 955 and 516 eV; titanium, 4026 and
516 eV) and for 250 kVp x-rays. y(x) was then obtained by solvina, using

Edmas et



numerical methods (8), the following set of linear algebraic equations and
irequalities:

g, = § t, (xj) y(xj) L X; i=1,2,3,4 - (19)
_ -1

§ X y(xJ) A X; = (4mp) (20)

Y(xj).z 0 (21)

Eq(20) feoilows directly from Eq(15). The result is shown in Fig. 4.

Fitted survival curves calculated with Eqs(11), (14) and (18) are shown
in Fig. 5 (snlid lines). A fit was also carried out allcwing £ to change
between radiation (Fig. 5, broken lines). Using the standurd F test it was
not possible to reject the hypothesis of a constant B at a 95% level of con-
fidence. It is interesting to note, however, that when the attenuation factor,
k(p), was removed from Eq(11) the hypothesis of a constant 8 conld be rejected
indicating the importance of treating attenuation adequately.

The calculated function y(x) shown in Fig. 4 can be used predictively.
This was done for the survival data following irradiation with 28 keV/ym
a-particles, obtained in the same series of experiments (4). Again, the
proximity function was calculated using a proton Monte Carlo transport code (7).
The value of £ [Eq(17)] and B thus obtained yield the theoretical survival
curve shown in Fig. 6. The afgreement with the data is gratifying.
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Figure Captions

Schematic representation of the irradiation geometry discussed in
the text.

Results of Moate-Carlo calculations of the function s(x;;) for a

3.5 ym-radius spherical site and a 7 um-radius hemispherical site.
The dotted, dashed and full curves, respectively, were calculated
using the attenuation coefficients of titanium, aluminum and

carbon x rays. In subsequent caculations the hemispheriodal gecmetry
was used as being the mo.* realistic.

Calculated proximity functions of energy transfer for carbon,
aluminrum, titanium and 250 kVp x rays, and for 28 keV/ym a particles.

Calculated gamma function for V79-4 Chinese hamster cells.

Linear-quadratic fits to experimental data for V79 cell survival
after irradiaticn by carbon, aluminum, titanium and 250 kVp x rays.
The full curves are the results of global fits using a constant

B (see text); the dashed curves are the results of individual fits
in which B was allowed to vary.

Calculated survival curve for 28 keV/im a particles using the proximity

function of Fig. 4. The experimental survival data are from Ref. 4.
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